T. annulata, with reference to the emergence and spread of buparvaquone resistance mutations. Population genetic studies of T. annulata have previously been performed using panels of 1 3 6 satellite makers (Weir et al., 2007) , but there are no reports based on mitochondrial cytochrome b 1 3 7 sequence analysis using a post-genomic next-generation sequencing approach. Deep amplicon 1 3 8 sequencing of metabarcoded mtDNA affords a practical and rhigh-throughput method when In this paper, we describe the use of a mitochondrial cytochrome b locus and six polymorphic The results may help to: inform future rational vaccine design for the control of tropical 1 4 7 theileriosis; predict the likely emergence and spread of genetic adaptations such as buparvaquone 1 4 8 resistance; and identify patterns of infection with different genotypes. barcoded primer set was used in the 2 nd round of PCR amplification to add a fragment of unique 1 8 0 sequence into each purified product ( Supplementary Table S2 ) under the following conditions: of the amplicon was measured by qPCR library quantification (KAPA Biosystems, USA), before read-ends were run into the 'make.contigs' command to combine the two sets of reads for each 1 9 8
sample. The command extracted sequence and quality score data from the FASTQ files, creating 1 9 9
the complement of the reverse and forward reads, and then joining the reads into contigs. After 2 0 0 removing the too long, or ambiguous sequence reads, the data were aligned with the T. annulata Supplementary Data S1 and section 2.1) using the 'align.seqs' command. Any sequences that did annulata, a count list of the consensus sequences of each population was created using the 2 0 8 'unique.seqs' command. The count list was further used to create FASTQ files of the consensus 2 0 9 sequences of each population using the 'split.groups' command (for more details Supplementary 2 1 0 Data S2). The consensus sequences of T. annulata cytochrome b locus were aligned using the MUSCLE 2 1 4 alignment tool in Geneious v10.2.5 software (Biomatters Ltd, New Zealand) and then imported 2 1 5
into the FaBox 1.5 online tool (birc.au.dk) to collapse the sequences that showed 100% base pair 2 1 6 similarity after corrections into a single genotype. The genotype frequency of each sample was calculated by dividing the number of sequence reads by the total number of reads. A split tree was 2 1 8 created in the SplitTrees4 software (bio-soft.net) by using the neighbour-joining method in the 2 1 9
JukesCantor model of substitution. The appropriate model of nucleotide substitutions for 2 2 0 neighbour-joining analysis was selected by using the jModeltest 12.2.0 program (Posada, 2008).
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The tree was rooted with the corresponding cytochrome b sequence of T. parva. The branch Six satellite markers (TS6, TS8, TS20, TS31, TS12, TS16) were selected for use on each 2 3 1 population as previously described by Weir et al. (2007) . A summary of primer sequences and 2 3 2 allele ranges is given in Supplementary Table S3 . Eighteen buffalo and 35 cattle derived T. and Thompson, 1992) . Significance levels were calculated using the sequential method of Smouse, 2012).
5 4
The likelihood ratio test statistics (G-test) were calculated using Arlequin 3.11 software Weinberg equilibrium. There was no evidence to support linkage disequilibrium for any indicating that alleles at these loci were randomly associating and not genetically linked (data on 0.900 (overall mean value 0.861) in buffalo-derived populations (Table 3) . differentiation between T. annulata populations ranging from 0.001 to 0.114 in cattle and 0.003 to 2 9 5 0.132 buffalo, respectively ( Supplementary Table S4 ).
9 6
An AMOVA was conducted using the panel of six satellite markers to estimate the genetic 2 9 7 variation within and between the populations. This showed that genetic variation was distributed 2 9 8 97.91% and 97% and within; and 2.09% and 3% between cattle-and buffalo-derived T. annulata 2 9 9
populations, respectively (data on file). PCoA was performed to illustrate as a two-dimensional 3 0 0 plot the extent to which populations are genetically distinct. The two axes accounted for 72.5% populations, respectively; and showed that populations from different regions formed overlapping 3 0 3 clusters, hence were not geographically sub-structured (Fig. 2) . T. annulata satellite data were found to be highly polymorphic in each population, with overall 3 0 7 numbers of genotypes per population ranging from 2 to 26 in cattle and 2 to 17 in buffalo. The 8.60 (±2.52) and 6.25, respectively (Table 4) . four genotypes; and one population with seven genotypes (Fig. 3A) . Thirty-nine populations had one with 14 genotypes (Fig. 3A) . Phylogenetic analysis of the 79 cytochrome b genotypes of the 3 2 0
cattle-derived T. annulata populations, showed that two genotypes for 22.9% and 10.8% of the 3 2 1 total number of the sequence reads, being present in 36 and 8, populations, respectively. Seven genotypes accounted for between 5.0% and 7.0% of the sequence reads and 45 genotypes 3 2 3 accounted for less than 1.0% of the sequence reads (Fig. 4A ). The split tree shows that eight 3 2 4
genotypes are shared between populations derived from cattle holdings in multiple locations of 3 2 5
Lahore, Chakwal, Gujranwala, Okara, and Sahiwal. Seven genotypes are shared between 3 2 6 populations derived from cattle holdings in any two locations of Lahore, Gujranwala, Okara, and 3 2 7
Sahiwal. Sixty-one genotypes are present in a single location (Gujranwala=24; Qadirabad=12;
Okara =14; Lahore=11 genotypes) ( Fig. 4A ). contained 4 genotypes; three populations had 5 genotypes; two populations had 7 genotypes and 3 3 7 one population contained a maximum of 8 genotypes (Fig. 3B ). Phylogenetic analysis of the 41 3 3 8 cytochrome b genotypes of the buffalo-derived T. annulata populations, showed that three 3 3 9
genotypes accounted for 39.1%, 10.8%, and 5.5% of sequence reads being present in 26, 15 and 3 3 4 0 populations, respectively. Eighteen genotypes accounted for between 1.0% and 3.0% of sequence 3 4 1 reads and 20 genotypes accounted for less than 1.0% of sequence reads (Fig. 4B) . The split tree 3 4 2
shows that two genotypes are shared between T. annulata populations derived from buffalo genotypes in Gujranwala; 13 genotypes in Okara; and 3 in Hafizabad) ( Fig. 4B ). Theleria annulata is considered to be the most economically important protozoan parasite of 3 5 1 water buffalo and cattle in Asia and North Africa, causing high mortality and morbidity. The have practical implications for the spread of parasite genetic adaptations. The satellite and cytochrome b data reported in the present study show that T. annulata is 3 6 2 genetically more diverse with more circulation of alleles in cattle as compared to water buffalo. The satellite data were informative due to the numbers of alleles present, showing more unique 3 6 4 alleles in cattle-derived than in Asian water buffalo-derived T. annulata populations. The and buffalo-populations. Similarly high levels of parasite heterogeneity have been reported in T. The high level of allelic variation described in T. annulata might have practical implications for Katzer, F., Carrington, M., Knight, P., Williamson, S., Tait, A., Morrison, I.W., Hall, R., 1994.
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